ErbB2 interacting protein (Erbin) is a widely expressed protein and participates in inhibition of several intracellular signaling pathways. Its mRNA has been found to be present in relatively high levels in the heart. However, its physiological role in the heart has not been explored. In the present work, we elucidated the role of Erbin in cardiac hypertrophy. Cardiac hypertrophy was induced in mice either by isoproterenol administration or by aortic constriction. The level of Erbin was significantly decreased in both models. Erbin −/− mice rapidly develop decompensated cardiac hypertrophy, and following severe pressure overload all Erbin −/− mice died from heart failure. Down-regulation of Erbin expression was also observed in biopsies derived from human failing hearts. It is known that Erbin inhibits Ras-mediated activation of the extracellular signal-regulated kinase (ERK) by binding to Soc-2 suppressor of clear homolog (Shoc2). Our data clearly show that ERK phosphorylation is enhanced in the heart tissues of Erbin −/− mice. Furthermore, we clearly demonstrate here that Erbin associates with Shoc2 in both whole hearts and in cardiomyocytes, and that in the absence of Erbin, Raf is phosphorylated and binds Shoc2, resulting in ERK phosphorylation. In conclusion, Erbin is an inhibitor of pathological cardiac hypertrophy, and this inhibition is mediated, at least in part, by modulating ERK signaling.
ErbB2 interacting protein (Erbin) is a widely expressed protein and participates in inhibition of several intracellular signaling pathways. Its mRNA has been found to be present in relatively high levels in the heart. However, its physiological role in the heart has not been explored. In the present work, we elucidated the role of Erbin in cardiac hypertrophy. Cardiac hypertrophy was induced in mice either by isoproterenol administration or by aortic constriction. The level of Erbin was significantly decreased in both models. Erbin −/− mice rapidly develop decompensated cardiac hypertrophy, and following severe pressure overload all Erbin −/− mice died from heart failure. Down-regulation of Erbin expression was also observed in biopsies derived from human failing hearts. It is known that Erbin inhibits Ras-mediated activation of the extracellular signal-regulated kinase (ERK) by binding to Soc-2 suppressor of clear homolog (Shoc2). Our data clearly show that ERK phosphorylation is enhanced in the heart tissues of Erbin −/− mice. Furthermore, we clearly demonstrate here that Erbin associates with Shoc2 in both whole hearts and in cardiomyocytes, and that in the absence of Erbin, Raf is phosphorylated and binds Shoc2, resulting in ERK phosphorylation. In conclusion, Erbin is an inhibitor of pathological cardiac hypertrophy, and this inhibition is mediated, at least in part, by modulating ERK signaling.
C ardiovascular disease remains the number one cause of mortality in the Western world, with heart failure representing the fastest-growing subclass over the past decade (1, 2) . In myocardial hypertrophy caused by exercise, pregnancy, or developmental signals, cardiac structure and function are normal. However, in response to insults such as sustained excessive workloads, pathological cardiac hypertrophy is characterized by changes in contractility, loss of myocytes with fibrosis, systolic or diastolic dysfunction, and fetal gene reactivation. Pathological cardiac hypertrophy predisposes individuals to heart failure, arrhythmia, and sudden death (1, 2) . The tyrosine kinase receptor avian erythroblastic leukemia viral oncogene homolog 2 (ErbB2), also known in humans as Her2, is an important regulator in cardiac hypertrophy development and heart failure (3). ErbB2-deficient conditional mutants develop dilated cardiomyopathy (3). ErbB2 signaling in cardiomyocytes is therefore essential for the prevention of dilated cardiomyopathy. However, the mechanism by which ErbB2 exerts its cardiac effects in general, and on cardiac hypertrophy in particular, is poorly defined.
ErbB2 interacting protein (Erbin), a member of the leucine-rich repeat and PDZ domain proteins (4), was originally reported as a binding partner of Her2/neu (ErbB2) (4). Erbin is a widely expressed protein, and high levels of Erbin are present in the heart (5). Recently, Erbin has been demonstrated to form a complex with Her2 and β2-adrenergic receptor in cardiomyocytes. Also, Erbin has been shown to protect cardiomyocytes from apoptosis induced by chronic catecholamine stimulation (6) . However, its physiological cardiac function and its role in cardiac hypertrophy are unknown. Erbin −/− mice have defective remyelination following axonal injury (7), but no further pathology has been described to date.
The regulatory roles assigned to Erbin have recently expanded. Erbin participates in the inhibition of a variety of cellular signaling pathways, including Ras-mediated activation of extracellular signal-regulated kinase (ERK) (8, 9) , nuclear factor κB (10), and transforming growth factor β signaling pathways (11) . Interestingly, these three signaling pathways have been shown to play a significant role in cardiac hypertrophy (12) (13) (14) (15) .
In the current study, we demonstrate that Erbin expression is decreased in cardiac hypertrophy induced in mice by either isoproterenol administration or aortic constriction. Erbin expression was significantly decreased in end-stage heart failure in humans. Exaggerated pathological cardiac hypertrophy was observed in Erbin −/− mice compared with wild-type (WT) mice. The levels of B-type natriuretic peptide (BNP) and atrial natriuretic peptide (ANP) were significantly increased in isoproterenoladministered Erbin −/− mice, indicating fetal gene reactivation typical of pathological cardiac hypertrophy. Moreover, aortic constriction resulted in rapidly decompensated response in Erbin −/− mice as well as heart failure and death.
Thus, our results indicate that Erbin serves as a major inhibitor of pathological cardiac hypertrophy.
Results
Erbin Is Down-Regulated in Cardiac Hypertrophy. A recent study revealed Erbin as an important regulator in cardiomyocyte
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The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. protection in cultured cardiomyocytes (6) . Therefore, cardiac expression of Erbin in mice was assessed. Immunofluorescence revealed that it is expressed in all cardiac cell types. The highest level was detected in the endothelium (Fig. S1A) . Erbin was down-regulated during cardiac hypertrophy induced by either isoproterenol administration ( Fig. 1A and Fig. S1 A and C) or abdominal aortic constriction (AAC) (Fig. 1B) . This down-regulation of Erbin expression was observed only in cardiomyocytes (Fig. S1A) .
Erbin was also decreased in human heart biopsies of end-stage heart failure patients, both those with dilated cardiomyopathy (Fig.  1C ) and those with hypertrophic cardiomyopathy (Fig. 1D) . These results suggest that the down-regulation of Erbin is associated with cardiac hypertrophy and heart failure in both mice and humans.
Characterization of Hearts of Erbin
−/− Mice at Baseline. To evaluate the cardiac role played by Erbin, heart weight (HW) and body weight (BW) of Erbin −/− mice and their normal siblings were determined in 8-wk-old mice. In WT mice, the HW:BW ratio was 6.0 ± 0.1 mg/g whereas in Erbin −/− mice the ratio was 5.9 ± 0.3 mg/g, and so there was no significant difference in the HW:BW ratio in Erbin −/− mice compared with WT mice (n = 5) ( Fig. 2A and Table S1 ).
Echocardiography of Erbin −/− and WT mice was performed. At baseline, shortening fraction (SF) of Erbin −/− mice was 39.3 ± 4.6%, whereas in WT mice it was 46.9 ± 2.4% (P = 0.01, n = 17-18; Table S2 ).
Thus, except for a slightly lower SF in Erbin −/− mice compared with WT mice, no significant baseline differences in phenotype were observed in Erbin −/− mice compared with WT littermates.
Cardiac Hypertrophy Is Exacerbated in Erbin
−/− Mice. Isoproterenol administration was used as a cardiac hypertrophy model. Isoproterenol induced an 8% increase in HW:BW ratio in WT mice ( Fig. 2A ; P = 0.04, n = 5), whereas in Erbin −/− mice a 25% increase was observed (P = 0.005, n = 7). The HW:BW ratio in isoproterenol-treated Erbin −/− mice was 15% higher than in WT mice (P = 0.003, n = 5-7). There were no significant differences in BW (Table S1 ).
The cardiac function of Erbin −/− mice was further examined by echocardiography ( Fig. 2 B and C) . Erbin −/− mice treated with isoproterenol had a 1.9 ± 0.2-fold increase in the thickness of the diastolic interventricular septum (P = 0.01, n = 5-7), whereas no change was observed in WT mice (Fig. 2C) . Isoproterenol increased SF in Erbin −/− mice compared with the lower baseline (P = 0.004, n = 7), whereas no significant change was observed in WT mice (Fig. 2B and Table S3 ). No significant change in left ventricular end diastolic diameter (LVEDD) was observed in any of the mice groups (Table S3) .
Cardiomyocyte diameter was measured by microscopic analysis of fixed LV sections (Fig. 2D) . Isoproterenol induced an 8% increase in myocyte diameter in WT mice (P = 0.05, n = 5), whereas a larger increase of 19% was observed in Erbin −/− mice (P = 0.003, n = 5). Gross fibrosis was observed in the hearts of isoproterenol-treated Erbin −/− mice, whereas only focal, early signs of fibrosis were noted in isoproterenol-treated WT mice (Fig. 2E) . Moreover, the ratio of lung weight (LW) to BW in isoproterenol-treated Erbin −/− mice was 14% higher than in WT mice (P = 0.002, n = 7-10) (Fig. 2F) .
Thus, Erbin −/− mice have an exaggerated and rapidly decompensated response to β-adrenergic stimulation compared with WT littermates. mRNA levels of ANP and BNP, both known pathological cardiac hypertrophy markers, were measured in heart extracts of Erbin
and WT mice. No significant differences in either BNP and ANP were observed between the two untreated groups (Fig. 3 A and B) .
The WT mice responded to isoproterenol treatment by a 1.5-(P = 0.05, n = 5-10) and a 2.2-fold increase (P = 0.002, n = 5-10) in BNP and ANP mRNA levels, respectively ( Fig. 3 A and B) . The induction of BNP and ANP expression in Erbin −/− mice was greater, with increases of 2.2-fold for BNP (P = 0.002, n = 5-10) and 3-fold for ANP (P = 0.000003, n = 5-10). The significantly greater induction of hypertrophic markers in Erbin −/− mice, compared with WT littermates, further supports the morphometry and physiology results, indicating that cardiac hypertrophy is exacerbated in isoproterenol-treated Erbin −/− mice.
Erbin Inhibits Cardiac Hypertrophy Induced by Chronic Pressure
Overload. The effect of Erbin on cardiac hypertrophic response was also assessed in a model of pressure overload, aortic constriction. Erbin −/− and WT mice were subjected to severe [28-gauge (G) needle] AAC. This causes pathological cardiac hypertrophy due to increased afterload (16) . Three days after surgery, all Erbin −/− mice died, whereas mortality rate in WT mice was only 37% (n = 8) (Fig. 4A) . No mortality occurred following sham operation in both groups. Postmortem histological examination revealed that Erbin −/− mice had globular hearts ( Fig.  4B) with hemorrhages in the myocardium (Fig. 4C) , whereas WT mice exhibited cardiac hypertrophic response with intact apical structure (Fig. 4B) . Due to the high mortality rate seen with severe AAC, a milder AAC (25G) was performed. The survival rate up to 10 d after surgery was lower in Erbin −/− mice (Fig. 4A) , with 20% mortality, than in WT mice, all of whom survived (n = 6). Mild AAC induced a 19% increase in the HW:BW ratio of Erbin mice (P = 0.004, n = 6), whereas no increase was observed in the HW:BW ratio of WT mice (Fig. 4D and Table S4 ). Cardiomyocyte diameter was increased in Erbin −/− mice following mild AAC (P = 0.0009, n = 6), whereas no change was observed in WT littermates (Fig. 4E) . LV function was significantly decreased in Erbin −/− mice (Fig. 4 F and G and Table S5 ). AAC decreased SF in Erbin −/− mice by 40% (P = 0.000003, n = 6), whereas no significant change was observed in WT mice. It should be noted that no other pathology was observed in the kidneys, liver, or lungs of either Erbin −/− or WT mice, suggesting that Erbin's effect is cardiac-specific.
Thus, these results support our findings from the β-adrenergic activation model that cardiac hypertrophy is exacerbated in Erbin −/− mice, followed by rapid decompensation and end-stage heart failure.
ERK Phosphorylation Is Augmented in Erbin
−/− Mice. ERK and Akt signaling pathways are among the most thoroughly characterized pathways mediating cardiac hypertrophy (17, 18) . Therefore, ERK and Akt phosphorylation in Erbin −/− mice was studied. There was no difference in the level of Akt phosphorylation between Erbin −/− and WT mice at baseline, and isoproterenol treatment caused a similar increase in Akt phosphorylation in the two groups (Fig. S2A) . Surprisingly, phosphorylated ERK (pERK) was twofold higher in the hearts of untreated Erbin −/− mice compared with WT mice (P = 0.04, n = 8) (Fig. 5A ). Isoproterenol induced a twofold increase in pERK in WT mice (P = 0.007, n = 6), whereas a threefold increase was observed in Erbin −/− mice (P = 0.02, n = 6). Thus, following isoproterenol administration, the pERK level was threefold higher in Erbin −/− mice compared with WT mice (P = 0.003).
Erbin silencing by specific siRNA increased pERK levels fourfold compared with nontargeting (NT) siRNA (P = 0.007; Fig. S2B ). Isoproterenol induced a twofold increase in pERK both in cells treated with NT siRNA and in those treated with Erbin siRNA, maintaining the fourfold higher pERK level (Fig.  S2B) . These results indicate that Erbin is involved in the inhibition of ERK phosphorylation.
Because β-adrenergic activation results in ERK phosphorylation, the function of the β-adrenergic system was evaluated by measuring peak heart rate (HR) and cAMP levels. This was carried out immediately following either isoproterenol or saline administration. Peak HR was similarly elevated in WT and Erbin −/− mice [from 441 ± 13 to 584 ± 20 beats per min (bpm) and from 431 ± 10 to 580 ± 4 bpm, respectively; n = 6]. Moreover, isoproterenol induced a similar 1.5-fold increase in cAMP levels in both groups of mice (from 0.17 ± 0.04 to 0.26 ± 0.02 pmol/mL and from 0.25 ± 0.03 to 0.4 ± 0.02 pmol/mL, respectively; n = 6). These results indicate that the β-adrenergic system is not impaired in Erbin −/− mice and that the increase in ERK phosphorylation in this system is not G protein-dependent.
Previous studies have shown that Erbin binds Soc-2 suppressor of clear homolog (Shoc2; Sur-8) (8) , which acts as a scaffold protein necessary for the stability of the Ras-Raf complex. Thus, Erbin serves as an inhibitor of ERK phosphorylation by disrupting the Ras-Raf complex (19) . Erbin association with Shoc2 was measured by coimmunoprecipitation in vivo. Erbin immunoprecipitated with Shoc2 in WT hearts but not in Erbin −/− hearts (Fig. 5B) . Erbin and Shoc2 were also found to be associated in neonatal rat cardiomyocytes (Fig. 5C ) and in untreated HEK293T cells (Fig. S2C) . Because Shoc2 plays a critical role in Raf activation (20) , its association with phosphorylated Raf (pRaf) was measured in Erbin −/− mice and their WT littermates (Fig. 5B) . pRaf was immunoprecipitated with Shoc2 in Erbin −/− hearts but not in WT hearts. These data suggest that Erbin inhibits ERK phosphorylation by associating with Shoc2 and by the dissociation of pRaf from Shoc2.
Discussion
Erbin is a widely expressed protein, transcribed at high levels in the heart and participating in the inhibition of a variety of cellular signaling pathways (5), but its cardiac function has not been explored. Interestingly, Erbin −/− mice under basal conditions appear to have a nearly normal heart, suggesting that Erbin is not required for the baseline regulation of cardiac growth and function. In Erbin −/− mice exposed to isoproterenol, however, we noticed an exacerbated response, including an abnormal increase in HW:BW, increases in both ANP and BNP levels that are typical of pathological cardiac hypertrophy (21) , asymmetric interventricular septal thickening, and cardiac fibrosis, indicating pathologic cardiac hypertrophy.
Erbin −/− mice undergoing AAC presented with a severely exaggerated hypertrophic response, end-stage heart failure, and death. Therefore, it seems that the lack of Erbin promotes an exaggerated hypertrophic response, which is rapidly decompensated. In addition, Erbin is down-regulated in end-stage heart failure patients. Although we cannot prove that this down-regulation is a cause of heart failure rather than its result, it is a reasonable working hypothesis in the context of our results in mice. Thus, this study has demonstrated for the first time, to our knowledge, a role for Erbin in cardiac hypertrophy and has suggested that it is important in the transition to decompensated hypertrophy.
The ErbB2 (Her2/neu) signaling pathway is essential for cardiac development and remodeling, and for the maintenance of cardiac viability, structure, and function (22) (23) (24) (25) (26) . Conditional knockout mice, induced by a deletion of cardiomyocyte ErbB2, revealed adverse cardiac remodeling with features of dilated cardiomyopathy (3). The cellular mechanisms through which ErbB2 exerts its cardiac effects in general, and on cardiac hypertrophy in particular, are still unknown. However, Erbin, as an ErbB2 binding partner (4), could be considered a likely candidate.
Surprisingly, even at baseline, pERK levels were elevated in Erbin −/− mice. It was previously shown that Erbin can bind Shoc2, disrupting the Ras-Raf complex and decreasing ERK phosphorylation (8) . In addition, Shoc2 knockout mice exhibit severe heart defects (27) .
In the current study, we show that Erbin binds Shoc2 in the intact heart, suggesting that Erbin can indeed regulate pERK through Shoc2 during cardiac hypertrophy. ERK activation is one of a limited number of intracellular signaling pathways resulting in adaptive cardiac hypertrophy (28) , but it can also mediate pathological hypertrophy. It seems that intermittent or controlled activation is essential, and that the temporal component might be critical (28) ; Erbin −/− mice appear to be lacking this controlled activation.
Our current work suggests a previously unknown role for Erbin in cardiac hypertrophy and that its absence results in disruption of the adaptive hypertrophic response, leading to decompensation and heart failure. Statistics. Exact Mann-Whitney test was performed for echocardiography measurements before and after isoproterenol treatment. BNP and ANP mRNA levels, pERK, LW:BW ratio, HW:BW ratio, SF after AAC, cardiomyocyte diameter, and treatment or lack of treatment with isoproterenol or AAC were evaluated by exact Kruskal-Wallis test. Null hypothesis was rejected at the P < 0.05 level for all tests. Data are reported as mean ± SEM.
